A laser-activated streak camera was built to measure the duration of femtosecond electron pulses. The streak velocity of the device is 1.89 mrad/ps, which corresponds to a sensitivity of 34.9 fs/pixels. The streak camera also measures changes in the relative time of arrival between the laser and electron pulses with a resolution of 70 fs RMS. A full circuit analysis of the structure is presented to describe the streaking field and the general behavior of the device. We have developed a general mathematical model to analyze the streaked images. The model provides an accurate method to extract the pulse duration based on the changes of the electron beam profile when the streaking field is applied. Published by AIP Publishing. [http://dx
I. INTRODUCTION
top ultrafast sub-relativistic electron sources with energies in the range of 10-100 keV can be used to investigate ultrafast dynamics at the atomic level in condensed matter and isolated molecules. [1] [2] [3] The temporal characterization of the electron pulses is essential for performing pump-probe experiments. Here, we present a detailed theoretical and experimental characterization of the performance of a femtosecond streak camera similar to the one developed by Kassier et al., 4 which has been implemented in our gas phase ultrafast electron diffraction (UED) setup.
One of the main challenges in reaching femtosecond resolution in ultrafast electron diffraction (UED) is temporal broadening of the electron pulses due to the space charge effect. For UED in the gas phase, the velocity mismatch between laser and electron pulses (which causes the relative delay between them to change significantly as they traverse the target) poses an additional challenge. A possible solution to limit the space charge broadening is to use compact electron guns, where the distance from the source to the target is only a few centimeters. For UED on condensed matter samples, a resolution on the order of 200 fs has been reached with compact guns. [5] [6] [7] [8] For gas phase experiments, the vacuum requirements of the gun have so far prevented the use of very compact guns, but the temporal resolution was improved from several picoseconds 9 to 850 fs by reducing the source-to-target distance to 10 cm. 3 An alternative solution to reach femtosecond resolution is to accelerate the electrons to relativistic energies of a few megaelectronvolts (MeV), which reduces the Coulomb expansion due to the relativistic effects 10 and almost completely eliminates the velocity mismatch between collinearly propagating laser and electron pulses. A temporal resolution of 220 fs has been recently achieved using MeV electrons on gas phase targets. [11] [12] [13] Generating and using relativistic electron pulses requires significant infrastructure, which is not accessible in most university-scale laboratories. An alternative that allows for the use of the more compact table-top setup is to use a DC keV accelerator followed by pulse compression using static 14 or RF fields. 15, 16 It has been shown that highly charged photo-emitted electron pulses can be compressed to femtosecond duration using an RF cavity buncher. [15] [16] [17] These electron pulses have been used in tabletop setups to capture ultrafast induced dynamics in condensed matter. 18, 19 In all cases, it is essential to accurately measure the duration of the electron pulses on target, as well as the arrival time of the electron pulses relative to the laser pulses. Different methods have been proposed and developed to measure the duration of electron pulses using streaking fields. 4, [20] [21] [22] [23] [24] [25] [26] [27] Earlier versions of streak cameras were developed to measure the duration of x-ray pulses. [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] This method worked by first converting the x-ray pulse to an electron pulse in a photoemission process. Then a time-varying streaking field was used to map the longitudinal profile into a deflection angle. Finally, the pulse duration was retrieved by deconvolving the original transverse beam profile from the streaked profile. Measuring the duration of femtosecond pulses requires a very fast changing electric field to provide sufficient resolution. These time-varying streaking fields have been generated using a microwave cavity, 19 a laser standing wave, 21-23 a discharging capacitor, 4,24 a split ring resonator, 25 and a terahertz resonator. 27 A laser-activated streak camera is susceptible to time of arrival jitter between the laser and electron pulses. If the signal is averaged over many shots, the streak camera measures the convolution of the electron pulse duration with the time of arrival jitter. This is the relevant parameter that determines the temporal resolution in most UED experiments, where the signal is accumulated over many shots. If operated in singleshot mode, a streak camera can independently measure both the pulse duration and the timing jitter.
We have followed the general method for constructing a fast streak camera developed in Ref. 4 , which used a charged capacitor set in parallel to a gallium-arsenide (GaAs) photoswitch. The photo-switch is activated by a laser pulse to discharge the capacitor. The time-dependent electric field of the capacitor is used to map the longitudinal position of the electrons within the bunch into a deflection angle. A high voltage photo-switch was first used to improve the temporal resolution and signal-to-noise ratio (SNR) in streaking tubes. 29 A GaAs 30 photo-switch was then used to increase the amplitude of the streaking field and hence the temporal resolution. 31 The streaking velocity of the streak camera is determined by the initial voltage in the capacitor, the frequency of the oscillating field, and the quality factor of the circuit. The maximum field that can be used in the capacitor is limited by the breakdown voltage of the switch, which can be increased by using high voltage pulses to charge the capacitor. A fast oscillation frequency can be obtained by minimizing the capacitance and the self-inductance of the circuit. A millimetersized capacitor with a sufficiently small gap between its plates can provide a fast streaking field, while minimizing the total size of the circuit reduces the self-inductance. The quality factor is limited mostly by the Ohmic contacts of the photo-switch.
In Sec. II of this manuscript, we describe the components of the streak camera and present a detailed circuit analysis. We show that the damped harmonic oscillator is a good model for streak cameras with high streak velocities where a sufficiently high number of carriers are generated in the switch by the trigger laser pulse. In Sec. III, we present a mathematical model to simulate operation of the streak camera. This model can be used to extract the pulse duration from the streaked and unstreaked electron beam profiles for any type of streak camera. In Sec. IV, we describe the experimental setup. In Sec. V, we extract the electron pulse duration from experimental data. We compare the results of our method and the conventional method for extracting the pulse duration from the measurements. In addition, we show that the streak camera can be used to monitor the timing drift between the electron pulses and the triggering laser pulses.
II. STREAK CAMERA THEORY AND CHARACTERIZATION
A. Geometry and the structure of the streak camera Figure 1 shows the basic components of the device. A charged capacitor is set in parallel to a GaAs photo-switch that is activated by a laser pulse. The electric field across the capacitor plates undergoes a damped oscillation with a period that is much longer than the transit time of the electron pulse through the capacitor. The rate of change of the field experienced by the electrons is approximately linear, which allows us to map the longitudinal profile of the electron beam onto its transverse profile. The streaked electron pulses are detected by a phosphor screen that is imaged onto a CCD camera.
B. Circuit analysis of the streaking device
The streaking device comprises the capacitor and the GaAs switch that are connected in parallel. There is a 25 µm diameter pinhole in front of the device to truncate the electron beam before going through the capacitor. The primary function of the pinhole is to increase the resolution of the measurement FIG. 1 . Configuration of the streak camera. Once the GaAs photo-switch is activated by the laser pulse, the charged capacitor will be short-circuited. The damped oscillating field of the discharging capacitor will streak the electron pulse going through its plates. The streaked electron pulse hits a phosphor screen that is imaged onto a CCD camera by an optical lens.
by reducing the size of the electron beam on the screen. The schematic of the streaking device and its equivalent circuit are shown in Figs. 2(a) and 2(b), respectively. The capacitor has a capacitance C and the complete circuit has a self-inductance L. The resistance of the circuit has two components: (i) the timeindependent resistor R 0 that stands for all the connections and is dominated by the Ohmic contacts of the photo-switch and (ii) the time-dependent resistor R(t) that is the resistance of the photo-switch itself, which first decreases after the laser excitation and then increases due to electron-hole recombination. Figure 2 (c) shows an electron deflected by the transverse electric field across the capacitor. The total time that an electron spends inside the capacitor is much shorter than the period of the electric field oscillation, so the electron displacement on the detector will depend on the instantaneous voltage across the capacitor V C (t). The full circuit analysis of the streaking device is provided in Appendix A. The displacement x of an electron on the detector [see Fig. 2(c) ], as a function of the arrival time of the triggering laser pulse t, satisfies the differential equation
and the initial conditions
In Eq. (1b), R 1 is the resistance of the photo-switch at t = 0 which is the time when the laser pulse excites the photo-switch. The time constant τ depends on the structure of the switch and its Ohmic contacts. We performed an experiment to determine the value of τ (see Appendix A). In Eq. (1c), e, m e , v z , and γ are the charge, mass, longitudinal velocity, and Lorentz factor of the electron, respectively. s and g are the length of the capacitor and the separation between its plates, respectively, and D is the distance between the streaking device and the phosphor screen. The initial voltage of the capacitor is V 0 = V C (0). Figure 3 shows the electron pulse displacement on the detector as a function of the delay time. A solution to Eq. (1a) is fitted to the measurement points, where the fit parameters were the circuit self-inductance, the photo-switch contacts resistance, and the initial deflection point. The fitting allows evaluating the Ohmic contacts resistance of the photo-switch as well as an accurate value of the circuit self-inductance. For the case that the oscillation frequency of the device is larger than 1/τ and the trigger laser pulse energy is high enough to make R 1 much smaller than R 0 , the time-dependent resistance of the photo-switch can be ignored in the first few oscillations because it is much smaller than the time-independent resistance of the Ohmic contacts. As a result, the streaking device can be modeled by a damped harmonic oscillator. The values we obtained for τ, R 0 , and R 1 indicate that we are well within that regime. In this case, the quality factor of the circuit is limited mostly by the Ohmic contacts of the photoswitch. A lower contact resistance increases the depth of the first minimum in Fig. 3 and improves the performance of the device. FIG. 3 . Displacement of the electrons on the detector as a function of the trigger laser pulse arrival time (red dots) and the fitted function (blue curve). In this figure, t = 0 is the moment when the laser pulse activates the switch, which was determined from the fit. In this experiment, we kept the initial voltage low (350 V) so that the maximum displacement during the oscillation could be captured on the detector.
III. ELECTRON PULSE STREAKING PROCESS
According to Eq. (A11) in Appendix A, the distance on the detector between two electrons with the same initial velocity going through the discharging capacitor at times t and t + ∆t is
This distance is maximum when
is maximum. For this case, we write ∆x = κ∆t,
where
is the streak velocity. In literature, κ is usually expressed in terms of angle of deflection per time and is the main parameter to describe the performance of the streaking device. However, κ can alternatively be expressed in terms of pixels per time. In this case, κ will describe the performance of the streak camera that is a combination of the parameters of the streaking device and the optical setup used to capture the image on the phosphor screen. We introduce a new quantity that reflects the sensitivity of the streak camera and can be measured directly,
The value of ς was determined experimentally by measuring the electron beam displacement on the detector as a function of the time delay of the trigger laser around the time when
is maximum (at the first zero crossing of the capacitor electric field).
Consider an electron pulse with a negligible momentum spread traversing the capacitor plates such that the center of the pulse coincides with the first zero crossing of the capacitor voltage. If we set the origin of time at that moment, then an electron, entering the capacitor plates at the time t, will be deflected transversely by x = κt. The electron pulses have a constant average longitudinal velocity v z , and we can equivalently rewrite Eq. (2b) as
We call the dimensionless quantity κ = κ/v z the streak coefficient. Equation (4) means that an electron at point z, measured from the center of the electron pulse, will be deflected to point x on the detector. Figure 4 illustrates this process. Suppose the electron pulse is a uniformly charged spheroid with the transverse semi-axis b and the longitudinal semi-axis a. This type of electron pulse can be recompressed in all directions by linear forces while retaining its spheroid profile. 15 If we truncate this pulse by a pinhole of radius ξ and then send it to the streaking device with streak coefficient κ , the intensity of the light emitted by the screen will be
provided the electron beam has no divergence between the streaking device and the detector. In Eq. (5), Q is the charge of the electron pulse and η is the quantum efficiency of the phosphor screen, i.e., the number of photons created by one electron hitting the phosphor screen. Γ(x) is the Heaviside step function,
and r(z) is the transverse radius of the uniformly charged spheroid,
Equation (7) can be replaced by any other electron pulse charge distribution and Eq. (5) can be modified accordingly. In practice, the electron beam has some divergence, and also the phosphor screen has a finite resolution. We blur the function in Eq. (5) by convolution with a Gaussian function to include the effect of these two parameters to give a blurred intensity
where σ determines the width of the Gaussian blur and N is a normalization constant such that
This model is a general method and can be applied to any type of streak camera. In Appendix B, we provide more details on the mathematics of the model and evaluate the integral in Eq. (5) for both the unstreaked and streaked electron pulses to extract a from the measurement data.
IV. EXPERIMENTAL SETUP
The experimental setup is shown in Fig. 5 . The electron pulses are generated by an ultraviolet femtosecond laser pulse in a 1-photon photoemission process and accelerated in a static electric field to a kinetic energy of 90 keV. The spatial profile of the UV beam on the photocathode is a truncated Gaussian, such that the photoemitted electron pulse will closely approximate a uniformly charged spheroid. 41 These electron pulses can be reversibly recompressed in all directions by linear forces. We used the longitudinal time-dependent electric field of an RF cavity to temporally compress the electron pulses. 15, 16 The time-dependence of the electric field is such that opposing forces are applied to the back and front of the pulse. These forces result in electron pulses with a velocity distribution such that the pulses will self-compress at some distance after the RF cavity. The position of the minimum pulse duration depends on the amplitude of the applied electric field. The optimal compression is reached at the zero phase FIG. 5 . Layout of the experiment. The photo-emitted electron pulses are compressed in time by the longitudinal component of an RF cavity electric field. The duration of these electron pulses are measured by the laser-activated streak camera explained in this study. The capacitor of the streaking device is fully charged by a high voltage pulse before the arrival of an electron pulse. The laser delay line is set so that the electrons traverse the capacitor around its electric field first zero crossing. of the longitudinal electric field of the RF cavity. The compression, then, will not change the average velocity of the electron pulse. However, in practice, the jitter in the RF cavity phase causes a jitter in the arrival time of the electron pulses. The jitter in the RF cavity amplitude will affect only the pulse duration. We used the streak camera to evaluate the temporal resolution of the experiment. In gas phase experiments, the scattering signal is gathered in an accumulation mode since the one-shot signal is not strong enough. Therefore, the temporal resolution of the experiment is a convolution of the actual pulse duration and the timing jitter over the measurement time. Figure 6 shows front and side view photographs of the streak camera. Table I lists the dimensions and other relevant parameters. The homemade GaAs photo-switch is composed of an undoped 5 mm wide GaAs wafer with two Ohmic contacts 2.4 mm apart on its sides. The contacts are composed of a 100 nm layer of gold on top of a 10 nm layer of chromium. The 3 mm × 3 mm capacitor plates are 325 µm apart resulting in a capacitance of 0.245 pF. The electron beam is truncated by a 25 µm diameter pinhole before going through the capacitor plates. A 50 ns high voltage pulse initially charges the capacitor. The high voltage is pulsed to prevent damage to the GaAs photo-switch due to the discharge. This high voltage pulse is supplied by a homemade device, with the schematic shown in Fig. 7 . The pulser can provide 50 ns pulses with a repetition rate of 5 kHz and voltages between 350 and 2000 V. As shown in Fig. 6 , there are two 2 kΩ resistors that decouple the oscillating voltage from the high voltage pulser and ground during the streak field oscillation. The value of the resistors is chosen so that in case of a laser pre-pulse arriving a few nanoseconds earlier, the streak capacitor can be recharged before the main laser pulse arrival. 4 The capacitor electric field frequency of oscillation is 3.494 GHz, and the quality factor of its equivalent circuit is 3.85. Using the fit shown in Fig. 3 , we determined the circuit self-inductance to be L = 8.35 nH and the photo-switch contacts resistance R 0 = 48 Ω. The resistance of the photo-switch at t = 0 was calculated to be R 1 = 0.372 Ω, and the lifetime of the photo-switch was measured to be τ = 0.36 ns. The details of the calculation can be found in Appendix A. The electrons were detected with a phosphor screen that was imaged onto a CCD camera with a pixel size of 9.9 µm. The demagnification of the imaging system is 3.74, so each pixel corresponds to 37 µm of the phosphor screen. The electron pulses are accelerated to 90 kV, corresponding to a gamma factor of γ = 1.176. The calculated proportionality coefficient in Eq. (2b) is eDs gm e γv 2 z = 32.5 µm/V equivalent to 0.88 pixels/V for the imaging system. Figure 8 shows the position of the beam vs the corresponding delay in the trigger laser pulse for initial voltages V 0 = 600 V, V 0 = 800 V, and V 0 = 1000 V around the first zero crossing of the capacitor electric field. FIG. 7 . Diagram for the pulser used to charge the streaking device. A high voltage DC supply is connected to the streaking device through a high voltage switch and a 75 Ω coaxial cable. The high voltage switch is triggered by a 50 ns pulse which in turn is generated from a trigger signal coming from the laser synchronization and delay unit. There is a buffering capacitor between the supply and the switch to reduce the ripples in the high voltage pulse. Also there are two 75 Ω resistors to match to the coaxial cable impedance to minimize the high voltage pulse reflection. Figure 9 shows the position of the electron beam on the detector around the first zero crossing of the capacitor electric field with the initial voltage of 600 V and trigger delay steps of 85 fs. The root-mean-square (RMS) error between the measurement and the fitted line is 70.3 fs. The fitted line has a slope of 65.3 fs/pixels (equal to 1.75 mrad/ps streak velocity), which is close to what we had from Fig. 8 for V 0 = 600 V. The measured fluctuations in the deflection can be attributed to the slow component of the timing jitter (timing drift) in the experiment. In this measurement, each data point is an average over ten consecutive frames each with an integration time of 500 ms. In the current setup, the fast jitter cannot be measured because the detector requires an integration time of a few seconds to have a sufficient SNR. Accordingly, this streak camera can be used to monitor changes in the arrival time of the electron pulses with respect to the trigger laser pulse down to around 70 fs RMS, with a measurement time of a few seconds. The measurement time could be reduced by using an image intensifier to enhance the signal from the phosphor screen or by increasing the number of electrons per pulse. Figure 10(a) shows an image of the streaked electron pulse composed of 5 × 10 5 electrons (before the pinhole at the entrance of the streak camera). In this figure, the electron pulse was not compressed and has a long streak length. Figure 10(b) shows the streaked pulse with the RF compression and Fig. 10(c) shows the compressed pulse with the streaking field off. Figure 10(d) shows the images corresponding to the compressed pulses integrated along the y direction. For this experiment, the electron beam was focused on the phosphor screen to minimize the spot size on the detector, which resulted in a fairly large beam (2.4 mm FWHM) on the streak camera. The beam can be made smaller on the target, but that results in a larger spot size on the detector which increases the uncertainty in the measurement.
A. Streak camera parameters

B. Evaluation of timing drift
V. PULSE DURATION MEASUREMENT RESULTS AND DISCUSSION
We evaluated the pulse durations for the images in Fig. 10 by two methods. First, we used the conventional method of fitting Gaussian functions to the streaked and unstreaked pulses. If σ st and σ us are the standard deviations (STD) of the fitted Gaussians to the streaked and unstreaked pulses, respectively, the pulse duration can be obtained by the deconvolution,
where ς = 69.4 fs/pixels = 0.94 mrad/ps. Figure 10 (c) is the average of 10 measurements, which have resulted in a mean ∆t SDT = 206 fs, which when converted to a full width half maximum (FWHM) gives ∆t FWHM = 486 fs. The RMS deviation in the FWHM measurement over the 10 measurements was 4 fs. The streak camera works in the accumulative mode so the timing jitter in the GaAs photoswitch and the electron pulse arrival time are convolved into the measured value. The duration of the uncompressed pulse shown in Fig. 10(a) is ∆t SDT = 8.8 ps or ∆t FWHM = 20.7 ps. The second method is based on the theory developed in Sec. III, assuming a spheroidal charge density distribution. The details of the calculations are provided in Appendix B. The pulse duration of the compressed electron pulses is ∆t std = 149 fs equivalent to ∆t FWHM = 471 fs, with an RMS fluctuation of 4 fs over 10 measurements. The duration of the uncompressed pulses is ∆t std = 4.6 ps equivalent to ∆t FWHM = 14.7 ps. Figures 11(a) and 11(b) show the results of the fitting for both methods.
For shorter pulse durations, the results of the two methods are similar. This is because the blurring due to the finite resolution of the detector and the divergence of the electron beam make the streaking trace approximately Gaussian when the initial beam width is comparable to the width after streaking. For longer pulse durations, the Gaussian method does not fit the data very well and will give inaccurate values for the pulse duration. The measured distribution in Fig. 11 (b) also shows some difference with the fit, i.e., the maxima near the edges of the distribution. This difference is most likely caused by the fact that the electrons deflected at the larger angles will start to experience the fringe fields of the capacitor and be deflected less than they would if the field remained uniform.
Based on the measured performance, we expect that this streak camera will be able to measure pulse durations (convolved with the timing jitter) below 100 fs, although our electron gun at the moment cannot operate with a resolution below 400 fs, due mainly to timing jitter. Our device has a sensitivity of ς = 34.9 fs/pixels or a streak velocity of 1.89 mrad/ps for 1000 V initial voltage with a typical beam size on the detector of 5 pixels FWHM. For a pulse duration of 100 fs, the streaked image will have a width of about 6 pixels, which can be detected with good SNR in a measurement with an integration time of a few seconds. We have also considered the measurement timing jitter due to fluctuations in the photo-switch conduction band creation time, caused by fluctuations in the energy of the laser pulse trigger. This effect can be minimized by operating the switch in saturation (high laser fluence). We measured the change in the time of arrival of the electrons with respect to the zero crossing of the streaking electric field as a function of energy to be 12.5 fs/µJ for a laser pulse energy of 80 µJ (fluence of 850 µJ/cm 2 ), which is consistent with previous results. 24 The measured laser power fluctuation is 0.5%, RMS, so the expected timing jitter in the photo-switch due to laser power fluctuations is less than 5 fs RMS. This makes the streak camera suitable for the electron pulse duration measurement for gas phase UED experiments where data are accumulated over many laser shots. 
VI. CONCLUSION
We constructed and characterized a femtosecond streak camera suitable for characterization of ultrafast electron pulses with a streak velocity of 1.89 mrad/ps for electrons accelerated to a kinetic energy of 90 kV. We provided a full circuit analysis of the streak camera and extracted all its equivalent circuit parameters to describe the oscillating field. The device produces a streaking field of 3 MV/m with an oscillation frequency of 3.49 GHz and a quality factor of 3.85. The quality factor was limited by the resistance of GaAs Ohmic contacts. We developed a general mathematical model that provides an accurate method to evaluate the pulse duration. We measured a pulse duration as low as 471 fs FWHM and showed that we can measure timing drifts that are as low as 70 fs RMS. Based on the measured performance, we expect that the streak camera can be used to measure pulse durations below 100 fs. The performance could be further improved by increasing the voltage across the capacitor, reducing the size of the device to increase the discharge frequency and by improving the detection system to reduce the integration time. Using an image intensifier and a low noise detector could allow for single shot measurements.
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APPENDIX A: CIRCUIT ANALYSIS OF THE STREAKING DEVICE
The differential equation that describes the voltage across the capacitor after the laser excites the photo-switch is
with the initial conditions
To solve Eq. (A1a) for V C (t), we need first to find the mathematical form of R(t). The photon-created charge carrier density n(t) can be estimated by 42
where r = 0.325 is the normal reflectance of the GaAs wafer for the 800 nm triggering laser pulse, 43 E λ = 2.48 × 10 19 J is the photon energy, and P(t) is the laser power. V p = wlδ d is the photoconductive volume of the GaAs wafer with w = 5 mm, l = 2.4 mm, and δ d = 1 µm being the width of the photoswitch, its length, and its 800 nm laser penetration depth, 44 respectively. The time constant τ depends on the electron-hole recombination time T r , the contact injection efficiency η i , and the drift velocity v d , 42 1
Equation (A2) assumes that the switch is illuminated uniformly, that the contact loss is equal for the electrons and holes, and that there is no carrier trapping. The laser pulse duration is assumed much shorter than the electron-hole recombination time in the GaAs photo-switch. Therefore, we approximate P(t) by
where δ(t) is the Dirac delta function, and E 0 = 80 µJ is the laser pulse energy. By inserting Eq. (A4) into Eq. (A2), we get
By having n(t), the photo-induced conductance of the wafer and hence its resistance are determined as
and
respectively, where µ e = 0.85 m 2 V 1 s 1 and µ h = 0.04 m 2 V 1 s 1 are the electron and hole mobilities, respectively, for the GaAs wafer. We found R 1 = 0.372 Ω using Eq. (A6b). We find the time constant τ by exciting the photo-switch by a continuous wave (CW) laser at the same central wavelength of the pulsed laser. For the CW laser turned on at time t = 0, P(t) = P 0 Γ(t), where Γ(t) is the Heaviside step function in Eq. (6) and P 0 is the power of the laser. Therefore, from Eq. (A2), we find
The steady-state photo-induced carrier density will be
and it results in the steady-state photo-switch resistance
where ζ ss = 1.4861 × 10 5 ΩJ is a constant. For low enough laser powers P 0 and recombination times of nanosecond order, R ss will be much larger than the contact resistance R 0 . If we apply a constant voltage across the switch, by measuring the current going to the photo-switch as a function of the CW laser power, we can determine the time constant τ. We used the circuit shown in Fig. 12(a) where the GaAs photo-switch was illuminated by a CW laser. The voltage measured by the voltmeter shown in Fig. 12(a) was used to determine R ss in Eq. (A8). Figure 12(b) shows R ss as a function of the laser power as well as a fit to Eq. (A8) that gives a value of τ = 0.36 ns. The electron pulse travels between the plates of the capacitor and is deflected by the perpendicular electric field of the discharging capacitor. We record the position of the deflected electron pulse on the detector as a function of the delay between the electron pulse and the laser pulse that activates the GaAs photo-switch. The electron has an initial longitudinal velocity of v z . The initial transverse velocity is zero. Suppose the capacitor electric field is in the x direction. The electric field of the capacitor will cause the electron to gain a transverse velocity. The momentum gained in the x direction after traversing the capacitor is
where t and t s = s/v z are the time the electron enters the field region, and the amount of time it spends inside it, respectively. The tangent of the deflection angle θ d will be
For small deflection angles v x << v z , so from Eq. (A10), the displacement of the electrons on the detector will be FIG. 13 . Resistance of the GaAs switch (blue curve) compared with the invariant resistance of the rest of the device (red line). In this figure, t = 0 is the time the laser hits the switch. The time-invariant resistance of the circuit is mostly due to the GaAs photo-switch contacts.
The displacement x(t) is linearly proportional to the voltage across the capacitor; therefore, it satisfies Eq. (1a).
As mentioned in Sec. II, the circuit constant resistance and self-inductance were found by best fitting a solution of Eq. (1a) to the measured electron displacement for different delays between the activating laser pulse and the electrons. We solved Eq. (1a) numerically by the finite difference method. In Fig. 13 , the time-independent resistance of the circuit is compared with the time-dependent resistance of the photo-switch. As we see, the switch resistance is ignorable at least up to 1 ns after the excitation. If the streak camera electric field oscillates with a period smaller than 1 ns, the effect of R(t) is negligible and the streaking device can be modeled by a damped harmonic oscillator. However, for R(t) to be small, the trigger laser pulse should have enough energy.
APPENDIX B: MATHEMATICAL MODELING OF STREAK CAMERAS
We photo-generate the electron pulses by ultrashort, truncated Gaussian transverse profile ultraviolet laser pulses. The electron pulses will evolve to uniformly charged spheroids. 41 Therefore, here, we assume that the electron pulse is a uniformly charged spheroid with the longitudinal semi-axis a and transverse semi-axis b. The electron pulse is truncated by a pinhole with a radius of ξ before entering the streak camera. Each truncated pulse can be modelled as an infinite number of differential disks as shown in Fig. 4 . Each differential disk of the electron pulse will be deflected at a different angle by the time-dependent streaking field. Ignoring the beam divergence between the streaking device and the screen, we can show from Eq. (5) for κ = 0 that the detected intensity of the unstreaked pulse is I unstreaked (x, y) = 3ηQ 2πb 2 1 −
On the other hand, we can also show that the detected intensity of the streaked truncated pulse is I streaked x, y; κ = ηQ 
We Gaussian blur the intensities in Eqs. (B1) and (B2) by the use of Eqs. (8) and (9) to include the divergence of the beams that comes from the initial transverse momentum spread and the space charge effect and also the broadening effect of the detector screen due to its finite resolution. Let 
we have only one degree of freedom that is a. The FWHM in this method is the FWHM of the function A(z) = πr 2 (z), for r(z) in Eq. (7) and is equal to √ 2a. The standard deviation, on the other hand, is equal to a/ √ 5. The jitters in the photo-switch and the arrival time of electrons are convolved into the pulse duration we measured here. If we knew the value of those jitters, we could write 9), while we should use Eq. (9) for the unstreaked pulse. In Eq. (B7), σ jitter is the standard deviation of the total jitter. By use of Eq. (B7), and knowing the value of σ jitter , we can extract the actual pulse duration by the method developed here.
